Understanding the routes of lead exposure in a very young infant is an essential precursor to identifying effective strategies for minimizing blood-lead (PbB) levels throughout infancy. The present study integrated observational data, lead-loading data, and household airborne particulate levels o10 mm (PM 10 ) to understand the broad patterns of lead exposure in infants from Port Pirie, South Australia. Seven, 2-19-week-old infants were observed between three and six times, for 3-9 h per visit, at intervals of 1-9 weeks. Household lead-loading and PM 10 data were collected for five of the families. Eight objects were observed in an infant's mouth, but only the infant's fingers, pacifier, and nipple of the mother's breast or teat of a bottle were observed in an infant's mouth for an average of more than 1% of an observation day. The objects most frequently put in an infant's mouth were their own fingers or their pacifier. Synthesizing our data on behavioral frequency, lead loading, and the surface area of contact, and using estimates of dose response, and sampling, transfer, and absorption efficiencies, the results suggest that a 4-month-old infant could absorb up to 4 mg of lead a day (equivalent to a PbB level of up to about 2.4 mg/dl) by mouthing their fingers, about two-thirds of all exposure routes identified in this study. Estimates also suggest that lead uptake via inhalation accounts for about 0.5-3% of an infant's PbB at 5 mg/dl. If our estimates reflect real routes and values, the majority of the average PbB level of 6-month-old infants in Port Pirie during 2002 could potentially be accounted for by the normal infant and family behaviors observed in this study. While the current level of concern is 10 mg/dl, recent studies indicate no safe threshold for Pb exposure, and so interventions for reducing chronic low-level exposure are useful. We suggest that home-based interventions for reducing Pb exposure should focus on maintaining low Pb loadings on objects that are directly associated with an infant, and outside objects that have few transfer steps to the infant.
Introduction
A major direct route of lead (Pb) ingestion for children who live in areas with high levels of ambient Pb is via their frequent hand-or object-to-mouth contacts (Bornschein et al., 1985; Davies et al., 1990; Weih, 1997) . This route has been well established for infants from about 6 months of age, but data are sparse for younger infants. In a cohort study of 13 infants followed monthly from birth to 3 years of age, Simon et al. (2002) found a strong correlation between handPb loading and floor activities in infants 3 months and older, although they were unable to link this directly to blood-lead (PbB) levels. These researchers also found that an infant's PbB level began to increase from as low as 1 month of age. In any case, the mouthing route of Pb exposure cannot necessarily be extrapolated for very young infants, because their cognitive hand-to-object and-mouth coordination is not well developed until about 6 months of age (Rosenblith and Sims-Knight, 1985; McClure and Burton, 1989) . Below that age, hand-to-object and-mouth contact is reflexive (Rosenblith and Sims-Knight, 1985) and grasping is a random, albeit common, event. In this paper, the infants were less than 5 months old and were too young to perform cognitive grasping. Therefore, we refer to the infants in this paper as 'pregrasping', even though we recognize that infants in this age group do reflexively grasp some objects.
Of course, the direct route of any exposure in an infant is merely the last point of transfer from other media. Consequently, many studies on Pb exposure in children have focused on pathways within and around the home, including leadbased paints (Rabin, 1989; Schwartz and Levin, 1991) , household dust (Sutton et al., 1995; Yiin et al., 2000; Freeman et al., 2001) , drinking water (Moore et al., 1982; Meyer et al., 1998; Watt et al., 2000) , and soil (Cook et al., 1993; Mielke and Reagan, 1998) . Lanphear et al. (1998) synthesized data from 12 epidemiological studies on PbB level, behavior, and Pb loading in the environment, and found strong correlations between a child's PbB level, their mouthing behavior, and the Pb loading in household dust and soil.
While most studies concur that Pb exposure is primarily via ingestion rather than inhalation (e.g. Mahaffey, 1977; Manton, 1985; Davies et al., 1990) , these studies have only considered inhalation in older children and in adults. As pregrasping infants may have less direct contact with leaded objects where ingestion of Pb could occur, it is possible that the relative contribution of inhaled Pb to PbB level is unique for this age group. Therefore, we consider the pathways and magnitudes of exposure for a pregrasping infant by both ingestion and inhalation in this study.
The need to understand the pathways and magnitudes of Pb exposure in the pregrasping infant is highlighted by two studies which found that the PbB level of a neonate and very young infant is the greatest predictor of the infant's PbB level at around 18 months of age (Hilts et al., 1995; Weih, 1997) . The approach used in the present study was to synthesize normal infant and family behavioral data with data on the Pb loadings of household objects and the levels of suspended inhalable particulates in order to understand broad patterns of Pb exposure in Port Pirie infants. To examine the exposure via inhalation, we measured the density of all particulates around the infant in the inhalable fraction (o10 mm, PM10), and estimated the Pb concentration in this fraction from Port Pirie data produced by other studies. We chose PM10 as our measure because most of this inhaled fraction is either respired or ingested (US EPA, 2002) .
Port Pirie, located approximately 230 km north of Adelaide on the upper Spencer Gulf of South Australia, is home to one of the world's largest Pb smelters. Constructed in 1889, the smelter has lost substantial amounts of Pb to the local environment (Body et al., 1988) and continues to heavily emit fugitive leaded dusts. Consequently, the Pb exposure of the community, particularly young children, has been a longstanding and ongoing concern.
Since 1984, the 'Port Pirie lead Implementation Program', which runs the 'Environmental Health Centre' (EHC), has operated a multistrategy intervention program to reduce PbB levels in pregnant women and children in the region (Calder et al., 1994; Maynard et al., 2003) . In 1984, the 6-month-old infant population had a geometric mean PbB level of 16 mg/ dl (range 5-36 mg/dl). Since then, there has been a general downward trend to 6 mg/dl (1-39 mg/dl) in 2002 in this age group. A similar pattern has occurred for the 3-year-old population, with a geometric mean PbB level of 20 mg/dl (10-46 mg/dl) in 1984 down to 9 mg/dl (2-46 mg/dl) in 2002 (EHC, unpublished data).
The primary aim of this study was to better understand the normal behaviors of the pregrasping infant, and their direct routes of Pb exposure. The study also aimed to synthesize behavioral, Pb loading, and PM 10 data in order to create scenarios on the pathways and magnitudes of Pb exposure in a pregrasping infant's direct and indirect environment. It should be noted that the Pb data reported in this manuscript are only applicable to the study cohort living in Port Pirie.
Methods
Seven infants, two living in Adelaide and five living in Port Pirie, were observed for 1 day every 1-9 weeks, between 27 March and 30 October 2002, for a total of three to six visits per infant (Table 1) . Infants were between 2 and 19 weeks old during the study, and were well during each visit. Each visit was during the day and the observation time was between 3 and 9 h. Infants were recruited by word of mouth via colleagues. All mothers signed a consent form, giving the observer (Brenda Kranz) permission to take notes on the activities of their infant and surrounding family. The Port Pirie mothers also gave written consent to have wipe samples taken of household objects for Pb analysis and to have a dust tracker in the home during observations. Parents were informed, in writing, of the Pb loading on objects in and around their home soon after analysis. During the study, the usual educational program and case management was continued without modification, as appropriate.
Behavioral Observations
Detailed observations were made on the infant during each visit. The 'observation time' was the time from the beginning to the end of observations during a visit, and was usually very close to the length of the entire visit. It did not include time used for wipe sampling or setting up the dust tracker (see next sections). The observer sat within 2 m of the infant, including when the infant was sleeping. Using a timer, watch or silent counting, every activity that directly or indirectly involved the infant was timed and recorded in a field notebook. For example, notes on direct activities included feeding, sucking a pacifier, sucking fingers, being put into a pram or on a mat, and sleeping, and indirect activities included what the siblings, parents and pets were doing. When the siblings were outside or in a separate room from the infant, general notes were made on their activity with the help of the mother.
Most observations were made using a timer, but when observations were for a very short duration (e.g. r3 s), such as when an infant's sleeve touched its lips, the behavior was timed using silent counting. When behaviors overlapped, such as when someone was smoking while the infant was feeding, a watch was used for the behavior that was more predictable in time, and the timer or silent counting was used for the other behavior. For the smoking and feeding example, smoking was timed with a watch and feeding was timed with a timer.
Pb Loadings on Household Objects
Following the behavioral observations, the surfaces of objects identified as a potential source of direct or indirect Pb exposure in each home were sampled and analysed for their Pb content (n ¼ 21-28 per family; see Table 1 for sampling regime). Each sample was collected using a 12.5 Â 14 cm 2 Briemarpak s sterile, distilled water (DW) paper wipe. Wearing clean disposable gloves, the researcher wiped each object using a standardized repetitive circular motion, based on the method of Lanphear et al. (1994) . At each home, 2-3 blank DW wipes and 1-3 DW wipes of the gloves used were also sampled. Gloves were either changed or cleaned with a DW wipe between each sample collection, and the gloves themselves were sampled only before their first use.
For most fabric surfaces, a 20 Â 20 cm square was sampled by placing a Teflon-covered cardboard quadrat on the surface. For irregularly-shaped surfaces, such as for a toy or the fabric around an infant's car seat, the entire surface was sampled, and measurements were later taken with a tape measure. The area of the surface was determined later using basic geometry. The area of the underside of a shoe was determined by tracing the sole onto graph paper. The area of an adult's hand was based on the siliconmoulding method and calculations of Cowan and Conley (1973) . Initially, hand traces were made of each infant and child, but this method proved problematic due to errors arising from using a two-dimensional area to estimate the area of a surface over three dimensions. We chose to derive the area of each child's and infant's hand using the formula of Thomas (2001) , which modified and synthesized the models of O'Flaherty (1993), Rossiter et al. (1996) , and the US EPA (1997 Samples were sent to Australian Government Analytical Laboratories (AGAL) in Sydney for Pb analysis. AGAL uses inductively coupled plasma mass spectroscopy (ICP-MS) for levels of 0.01-10 mg and inductively coupled plasma atomic emission spectroscopy (ICP-AES) for levels 1-100 mg. In the 1-10 mg overlap, ICP-MS is reported but is checked with ICP-AES.
Dust Tracking
During many of the observation days, the concentration of ca. 2.5-10 mm particulate matter (PM 10 ) was measured in the room where the infant was most often present, using a Dustrackt Aerosol Monitor Model 8520 (see Table 1 for regime). The tracker was set with a recording time constant of 10 s and a logging interval of 30 s for background PM 10 , and a 2 s recording time and logging interval for investigating the movement of an infant's blanket. For background data collection, the dust tracker was left in the home for between ca. 3 and 7 h on the day of observation. Following collection, PM 10 data were downloaded from the dust tracker into TrakProt version 3.2 software (2001).
Data Analyses
Data were analysed using SPSS s version 11.0. 1 (SPSS Inc., Chicago, IL, USA). Behavioral data were expressed as frequency (contacts/h) and the proportion of total observation time. Proportion data were arcsine transformed prior to analyses to equalize the variances. Differences between the major behaviors in their frequency and duration were analyzed with nested ANOVAs (infant's behavior within infants' behavior) followed by post hoc least significant difference (LSD) tests. Partial correlations investigated relationships between the frequency of mouthing an object with mouthing another object or age, and the resulting Pvalues were corrected with Bonferroni sequential adjustment (Hochberg, 1988 ). An ANCOVA tested for differences in mouthing behavior between breast-fed and bottle-fed infants. t-tests assessed differences in Pb loading between objects, adjusted PM 10 between homes with smokers and nonsmokers, and estimated air-lead concentration with empirical data from another study. For each infant, the relationship between the predicted PbB level and age was assessed with linear regression analyses. Behavioral data were standardized to the mean number of contacts per day and integrated with lead loading and surface area of contact data to produce an estimate of Pb exposure via ingestion. PM 10 data were standardized to PM 10 /day and Pb per mg/m 3 /day and converted to absorbed Pb/day via inhalation. Data are presented as the arithmetic mean and standard deviation throughout the paper.
Results

Behavioral Observations
The behavioral observations can be divided into three main categories: objects that went into an infant's mouth; objects that touched an infant's lips; and other potential exposure activities (Table 2 ). Data for these behaviors are only from those observation days Z5 h, as behavioral patterns were not Data were derived only from those observation days Z5 h (i.e. a total of 4 observation days were excluded; Table 1 ), as behavioral patterns were not representative over short time intervals. 'n' refers to the numbers of infants observed with the behavior. Frequency data were standardized to contacts/h to account for the variation in observation time. % Obs time' refers to the per cent time spent on a specific behavior out of the total observation time for each day. The means are the averages of the means from all observation days for each infant (i.e. the mean for each infant nested within the mean of all infants). The columns 'Object # Po0.05' refer to the post hoc LSD comparisons from nested ANOVAs (infant's behavior within infants' behavior), where 'In mouth', 'On lips' and 'Other potential exposure activity' data are tested separately, and the #s of the objects/activities (in the left hand column) are listed that are significantly different (Po0.05) to the object/activity. See text for details of the analyses. 'nt' ¼ not tested; 'na' ¼ not applicable. The 'Other potential exposure activity' frequency data were not statistically tested because homoscedasticity could not be obtained, even after natural log and log 10 transformations. Data o1% of the observation time were excluded from statistical analysis.
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representative over short time frames. Only behaviors that were observed for more than one infant or their family are quantified here. Eight main objects were observed to go into the infants' mouths (Table 2) . A nested ANOVA (infant's behavior within infants' behavior) revealed differences in the frequency of mouthing some objects (F 23,66 ¼ 4.743, Po0.001, LSD Po0.01-0.946). The most frequently mouthed objects were the infants' fingers and pacifier (mean7SD contacts/ h ¼ 1.3371.47 for fingers, 1.1870.64 for pacifier), which did not differ significantly (LSD P ¼ 0.175), followed by the mother's nipple, bottle teat, and infant's bib (0.38-0.47, LSD P ¼ 0.078-0.946), and the mother's fingers or side of hand, infants top and infant's toy (0.14-0.22, LSD P ¼ 0.438-0.882). When an infant mouthed their fingers or hands, they mostly sucked the upper two phalanges of their three middle fingers or the side of their hand along and below their thumb. Thumb sucking was uncommon. Hereafter, we refer to an infant mouthing any part of their hand as mouthing their fingers.
The patterns of mouthing duration were very different from mouthing frequency ( Table 2 ). The only objects observed in an infant's mouth for an average of more than one per cent of the observation day were a pacifier (mean7SD ¼ 18710% of the observation day, n ¼ 6 infants), the nipple of the mother's breast (1373%, n ¼ 4), teat of a bottle (974%, n ¼ 3), and the infants' fingers or hands (377%, n ¼ 7). The duration of these behaviors, as a per cent of the observation day, were significantly different for all the four behaviors (F 11,42 on arcsine transformed data ¼ 2.115, P ¼ 0.04; LSD Po0.01-0.049).
Seven objects were observed to touch the infants' lips ( Table 2 ). The frequency of these contacts varied from 0.1470.02 to 0.3470.18 mean contacts/h but there were no significant differences in these frequencies (F 18,20 ¼ 0.942, P ¼ 0.548). As all of these behaviors were for less than 1% of the observation time, the duration times were not compared statistically.
In all, 10 other observed behaviors were categorized as a potential Pb exposure activity, due to passive smoking, potential Pb loading of an object, or potential Pb particulate retrainment ( Table 2 ). The frequency of these behaviors varied from 1.2970.15 contacts/h for smoking near an infant to 0.13 7 0.02 contacts/hr for putting a floor blanket in an infant's pram. Differences in these frequencies could not be tested because the data were not homoscedastic, even after natural and log 10 transformations, and the data were not amenable to nonparametric analyses due to the nested design. There were no significant differences in the duration of these activities (F 14,28 on arcsine transformed data, ¼ 0.509, P ¼ 0.908).
Sleep times ranged from 40 min to 4.5 h (mean7-SD ¼ 2.471.0 h). All the seven infants were observed to sleep in their pram; for six of the infants the pram was the primary place of sleep (29719% of the observed time, cf. 37718% of the observed time for all sleeping), particularly until they were about 3 months old. Six of the infants spent some of their day on the floor on a blanket (12714% of observed time), which parents washed every 1-2 weeks. Other activities that might expose an infant to Pb included being in their car seat, being in the same room as vacuuming, and touching toys that had been touched by others.
The behavior of siblings could influence an infant's exposure to Pb. Five of the seven homes had more than one child and in all of these homes the running and jumping of siblings close to the infant was observed. This occurred on the sofa or carpet, and resulted in dramatic (up to 10-fold) increases in PM 10 levels within several meters of the activity. In two of these five homes, siblings were observed to walk on the infant's floor blanket with their shoes on, and in one instance a 2-year-old sibling accidentally kicked, with his shoe, the pacifier that was on the infant's blanket.
Identifying relationships between different behaviors or between behavior and age is important for understanding patterns that may be associated with exposure. Partial correlation analysis was used to investigate the relationship between the frequency of mouthing an object and either age or mouthing another object (Table 3 ). Each test accounted for feeding type (breast, bottle or combination), individual, and observation time, and some tests also accounted for the 'Feeding type' refers to breast-feeding, bottle-feeding, or combination feeding. 'Pacifier' and 'fingers' refer to their mouthing frequency per observation day. 'Obs time' refers to the time that an infant was observed on a visit. n ¼ number of data, with number of infants in parenthesis. P-values have been adjusted by the sequential Bonferroni method of Hochberg (1988) . The only marginally significant correlation is the positive relationship between the frequency of an infant mouthing their fingers with their age.
age and frequencies of feeding and sucking a pacifier. The only (marginally) significant relationship was between the frequency of sucking fingers and age (P ¼ 0.06), indicating that an infant increases the frequency of mouthing their fingers from 0 through 4 months of age. Also, an ANCOVA revealed that, on average, bottle-fed infants sucked a pacifier about three times more frequently than did breast-fed infants (ANCOVA, with age and observation time as covariates: age, F 1,17 ¼ 1.28, P ¼ 0.274; observation time, F 1,17 ¼ 6.46, P ¼ 0.021; feeding type, F 1,17 ¼ 18.14, P ¼ 0.001).
Pb loading on household objects
The mean (7SD) recovery of Pb from the QC spiked wipes was 104712%. However, pilot data by K. Thomas and B. Kranz (unpublished) found that the recovery was dependant on the type of surface; the recovery was an average of approximately 60% from hands and fabric and 90% from a hard surface. Table 4 summarizes the recovered Pb loading on objects in the direct and indirect environments of each Port Pirie infant in the study. These data are empirical values; real values could be about 10% higher for hard surfaces and about 40% higher for hands and fabric surfaces. The soles of outdoor shoes were consistently high (equivalent to 1427-13,824 mg/m 2 ); the only object sampled that had a higher Pb loading was the mesh of the front screen door at the home of Infant 7 (18,500 mg/m 2 ), which was visibly dusty. The outside ride-on toy trains at the homes of Infants 5 and 6 had the next highest Pb loadings (1460-4061 mg/m 2 , respectively). The wiping efficacy pilot study of K. Thomas and B. Kranz (unpublished) indicates that the actual values could be about 40% higher for hands and fabric surfaces and 10% higher for hard surfaces. 
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The variation in the Pb loading on hands was greater than for any other object (21-3945 mg/m 2 ). Infants generally had the lowest hand-Pb loading and siblings had the highest. The Pb loading of lounge-room carpets ranged from 212 to 1072 mg/m 2 . There was no significant difference between the Pb loading of sofas (the mean of the seat and back) and the carpet in the homes sampled (paired t-test on Lntransformed data, t 4 ¼ 1.403, P ¼ 0.233). This is probably because the sampling method (wiping) removed a much smaller fraction of Pb from the carpets than from the sofas. Even so, it is likely that the results from the wiping methodology do approximate the Pb that is most available to people (and pets) when touched.
Generally, objects that have some exposure to outdoor conditions were moderately high in Pb loading. These included the snout of a dog (900 mg/m 2 ), which occasionally approached and touched Infant 4, front door handles (164-555 mg/m 2 ), a car capsule or infant car seat (52-243 mg/m 2 ) and trampolines (112-237 mg/m 2 ). However, the fabric in a pram that goes around the head of an infant was relatively low (4-93 mg/m 2 ). Most other indoor objects that were sampled had a relatively low Pb loading (0-229 mg/m 2 ).
Pb Absorption via Inhalation
The PM 10 data for each observation day were used to approximate the contribution of inhaled Pb particulates to the total absorbed Pb in a 6.5 kg. (ca. 4-month old) infant. The assumptions used for these calculations are as follows. (i) Pb is 0.4% of PM 10 in non-smoking homes; this figure is based on concurring Port Pirie data on indoor airborne Pb concentrations (Kutlaca, 1998) and outdoor airborne Pb (South Australian EPA, unpublished), using an indoor Pb:outdoor Pb of 0.6 (Diemel et al., 1981; Davies et al., 1990; Kutlaca, 1998 ; n ¼ 3). Moreover, there was no significant difference between the final intake values for smoking and non-smoking homes using this assumption (independent t-test on Ln-transformed data, t 13 ¼ À0.800; P ¼ 0.438). (iii) The air inhaled by each infant is equivalent to 3.16 m 3 /day, based on 14 h sleep/day (Brinkman et al., 1999) and the parameters of the International Commission on Radiological Protection (ICRP, 1994) . (iv) In all, 50% of inhaled Pb is absorbed into an infant's blood (Rabinowitz et al., 1977) . (v) A 4-month-old infant weighs 6.5 kg. Using these assumptions, the amount of Pb (mg) that an infant could absorb by inhalation per day (Pb ai ) was calculated as:
where 'PM d ' denotes the mean PM 10 for all days of observation (mg/m 3 ), 'i' the air inhaled per day (3.16 m 3 ) by a 4-month-old (6.5 kg) infant, 'Pb' the concentration of Pb in the PM 10 (0.4% for a non-smoking home, 0.08% for a smoking home) and 'a' the proportion of inhaled Pb that is absorbed into the infant's blood (0.5).
Pb uptake was calculated for each infant from the replicate days of dust tracking in their home. The mean Pb concentration of all the homes (0.1270.04 mg/m 3 ), derived from the mean PM 10 level of each home, was not significantly different from the 0.13 mg/m 3 derived empirically by Kutlaca (1998) in occupied Port Pirie homes (one sample t-test on Ln-transformed data, t 4 ¼ -0.732, P ¼ 0.505). From these data, the Pb ai for a 6.5 kg infant was calculated as 0.08-0.24 mg/day. Using the assumptions above, the results indicate that inhalation is a minor route of Pb, contributing about 1-8% of total Pb uptake for an infant with a PbB level of 2 mg/dl down to about 0.3-1.5% for an infant with a PbB level of 10 mg/dl.
A potential source of error in these calculations is that the PM 10 in an infant's microenvironment could be higher than that calculated from background levels. For example, when the quilt of Infant 6 was gently shaken, the PM 10 increased nearly 10-fold (from 0.5 to 4 mg/m 3 ) for almost 10 s. As a simple approximation, then, we assumed that, for every sleep period (six per day), an infant is subjected three times to a 10-fold increase in PM 10 levels for 10 s (put into a pram, removed from pram, when it moves during sleep). We also assumed that the same increase in PM 10 occurs during each diaper change (say seven times) and during each feed (eight times). Then, a 10-fold increase in PM 10 will occur a total of (6 Â 3) þ 7 þ 8 times ¼ 33 times or for 330 s per day.
The percent increase in the mean daily PM 10 will then be 330/86,400 Â 10 Â 100%, where '86,400' is the number of seconds in a day, and the adjusted PM d is 
From this, it can be seen that the PM d will increase by 3.8%. Using the PM d of Infant 6 (38.9 mg/m 3 ) as an example, which was the highest PM 10 for the non-smoking homes, the PM d becomes 40.2 mg/m 3 . Substituting this into Eq. (1), the adjusted Pb ai becomes 0.25 (cf. 0.24). The inhaled Pb contribution for a PbB level of 5 mg/dl increases very marginally (less than 0.1%); the contribution would be higher for a lower PbB level and vice versa.
Estimating the Contribution of Pb from Ingested and Inhaled Sources to an Infant's PbB Level
By integrating the behavioral and Pb-loading data, we can begin to identify the pathways and magnitudes of Pb exposure via ingestion, and their relative contributions to an infant's PbB level. Our model incorporates all of the 'in mouth' and 'on lips' behavioral observations for which Pb-loading data were collected (Tables 2 and 4 ). It also includes the following indirect pathways that were directly observed (Table 2) , observed in only one infant, or extrapolated from the observations, listed here in order of decreasing Pb exposure: shoe sole to pacifier to mouth; floor to hand to mouth; shoe sole to blanket to fingers to mouth; supermarket seat to pacifier to mouth; toy to fingers to mouth; car seat to fingers to mouth; parent's or sibling's hand to fingers to mouth; car seat to bib to mouth. The minimum and maximum Pb ai 's, as above, were also incorporated to produce an estimate of PbB level via inhalation. Table 5 summarizes these estimates for a 6.5 kg (4-month-old) infant relating: (i) the frequency of activity; (ii) area of contact; (iii) Pb loading; (iv) a transfer efficiency of 2% between objects (Brouwer et al., 1999) and 100% from an object once in the infant's mouth, based on our empirical Pb-loading data and assuming that the sampling efficiencies of the DW wipes (ca. 60% for soft surfaces and 90% for hard surfaces) reflect the availability of Pb for the relevant activity; (vi) a lip to ingestion transfer efficiency of 25% (a rough assumption); (vi) 50% Pb absorption from the gut (modified from Gulson et al., 1998a) and (viii) a dose-response of 0.25-0.5 mg Pb/kg/day per mg/dl (modified from US EPA, 2001). We chose to use the 2% transfer efficiency of Brouwer et al. (1999) , rather than 3-70% efficiencies of Rodes et al. (2001) , which depended on surface type. We did this because many of the surface-surface contacts were of very short duration (o1 s), were random in Table 5 . Estimates of minimum and maximum absorbed Pb and corresponding PbB level, using data extrapolated from behavioral observations (Table 2) and Pb-loading data ( Data are in decreasing order of maximum absorbed Pb. Dust-tracking data are also incorporated for deriving PbB levels that include exposure via ingestion and inhalation.
a Assuming 10 h of waking time/day. Adjusted from Table 2. b Derived empirically and adjusted according to what portion of an object was in contact with another. For example, it was assumed that all of a pacifier teat went into an infant's mouth and that 4 cm 2 of a blanket went into or on an infant's mouth. As both breasts are usually suckled during a feed, the surface areas (SAs) of both nipples were used. The SAs of fingers were derived from Cowan and Conley (1973) , using Thomas's (2001) formula for the SA of an infant's hand. c Basic formula for calculating Pb absorption: F*L*A*a, where F is frequency of activity, L is Pb loading, A is area of contact, and a is the absorption of ingested Pb (50%, modified from Gulson et al., 1998a) . The 'On lips' formula is also multiplied by a Pb transfer efficiency of 2% from an object to the lips (Brouwer et al., 1999 ) and a 25% Pb ingestion efficacy from the lips (arbitrarily derived). The 'other potential exposure' formulae included one or more transfers of 2% depending on the activity. For example, shoe sole to pacifier to mouth has two transfers. We assume that the ingestion of Pb from an object once in the mouth is 100% of the loading. Note that the empirical loading may be 60-90% of actual Pb loading (K. Thomas and B. Kranz unpublished and see text) but we assume that the efficacy of a wipe is the same as for the relevant activity. It was assumed that the Pb loading of a hand was homogeneous. e Behaviors as in Table 2 . 
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contact and, therefore, involved light pressure, and duration and contact pressure have been shown by these papers to be positively associated with transfer. The model suggests that the observed mouthing and nonmouthing behaviors likely to result in some Pb exposure can produce mean PbB levels of about 0.36-3.6 mg/dl for a 6.5 kg infant, and that by incorporating the minimum and maximum estimates of daily-assimilated Pb (Pb ai ) results in mean PbB levels of about 0.38-3.7 mg/dl (Table 5 ). The outstanding behavior that contributed to Pb exposure was an infant mouthing their fingers. This activity appears to contribute about two-thirds of all Pb to an infant's total exposure and about seven times more Pb than by any other direct route, accounting for a PbB level of up to about 2.4 mg/dl. It is also an activity that was observed in all infants, on at least two of their observation days.
The Pb exposure from mouthing fingers was estimated for each infant on each observation day and converted to PbB level, using the approach in Table 5 . Frequency data were standardized to the number of contacts per waking day by assuming that the infant is awake for 10 h/day (Brinkman et al., 1999) . The Pb-loading data were converted to PbB level using a mean dose-response of 0.375 mg/kg/day per mg/dl PbB (derived from a slope factor of 0.25 and 0.5 mg Pb/kg/ day per mg/dl) and an age-specific weight, derived by extrapolating each infant's known weight at one age on a sex-specific weight-for-age percentiles chart (http://www.mybabyinfo.net/growth/charts.html). The PbB data and age were significantly linear only for Infant 3 (r 2 ¼ 0.96; F 1,3 ¼ 68.35, P ¼ 0.004; data for all other infants, PZ0.37). Infant 3's PbB level was 4 mg/dl at 6 months; the predicted PbB level from the equation of the line for a dose-response of 0.375 mg/kg/day per mg/dl PbB (y ¼ 0.195x-1.228) was 2.3 mg/dl and for dose responses of 0.25 and 0.5 mg/kg/day per mg/dl PbB were 1.5 and 3.1 mg/dl, respectively.
Discussion
The normal mouthing behavior of a pregrasping infant and the general activity of the surrounding family expose the infant to particulate matter in their environment. For infants living in Port Pirie, this means that some Pb exposure is an almost inevitable part of normal developmental and family life. This study aimed at identifying these activities and, in conjunction with Pb-loading and dust-tracking data, to develop scenarios for the transfer of Pb in an infant's direct and indirect environment. While the sample sizes in this study were low (seven infants, each observed for 3-6 days), the data were collected by a single researcher (BK) who observed and recorded all of the behaviors, reducing the observer bias associated with interview or diary-based studies.
By considering all of the behaviors and the range of PM 10 levels and Pb loadings, the estimates here can account for a PbB level of between about 0.4 and 3.7 mg/dl in a 6.5 kg infant living in Port Pirie. Infants mouthing their own fingers account for about two-thirds of these figures. While these PbB levels are well under the WHO level of concern (10 mg/ dl), many studies have shown that there is no safe threshold for PbB level (e.g. Needleman and Bellinger, 1991; Rice, 1998; Lanphear et al., 2000; Canfield et al., 2003) . Moreover, these levels are baseline estimates from typical daily routines, such that they represent chronic exposure in very young infants. Consequently, an understanding of the behaviors that lead to chronic low-level Pb exposure should involve reflection on how to effectively reduce exposure and intake.
In 2002, the geometric mean PbB level of 6-month-old infants in Port Pirie was 6 mg/dl (EHC, unpublished data), which is about 40% more than the upper PbB level predicted here from normal pregrasping infant and family behaviors. Consequently, it seems that, if our observations and assumptions reflect real trends and values, then it is feasible that our estimates could account for the majority of the PbB level of the 'average' infant in Port Pirie, and that the mouthing of fingers could account for up to 40% of all Pb exposure.
While we have attempted to quantify Pb exposure in very young infants, the limitations of our study mean that our findings should probably be interpreted more in terms of trends than specific values. First, the Pb loading of an object was determined from a single sample; clearly, the loading is likely to change with circumstance. Second, many of the assumptions used in Table 5 (see legend) are, at best, ballpark figures, which could result in substantial errors. Third, we did not consider how the duration between mouthing an object influences the reloading of leaded dust on the object, nor did we consider how the duration of mouthing an object influences the efficacy of removal of Pb from the object. While these are clearly important considerations, our aim here was to produce a scenario for the exposure and transfer of Pb rather than to rigorously quantify the magnitude of exposure.
The data suggest that Pb exposure via inhalation is a very minor pathway (up to about 3% of all exposure for a PbB level of 5 mg/dl) and that in a 4-month-old infant the major routine pathway of direct exposure is via finger sucking. While infants' fingers did not have a high Pb loading, the frequency of mouthing them meant that up to nearly 4 mg of Pb per day could be absorbed by this route in a 4-month-old infant, leading to a PbB level of approximately 2.4 mg/dl. The following sections discuss particular issues arising from the findings of this study.
Pregrasping Infant Behavior
A 'Medline' literature search found only one paper on the mouthing behavior of infants less than 6 months old (Juberg et al.,. 2001) , and the objects in that study did not include fingers. Consequently, while hand-Pb loading has been identified as a major predictor of PbB level in older infants and children (e.g. Bornschein et al., 1985; Bellinger et al., 1986; Weih, 1997; Willson and Ryan, 1999) , data are lacking for the pregrasping infant.
The present study found a positive relationship between the frequency of mouthing fingers and an infant's age, when feeding frequency and type, pacifier use, and individual were accounted for (Table 3) , but when the estimated contribution of mouthing fingers to PbB level was regressed against age, the regression was significant only for one infant. This is most likely because the data were collected too infrequently and, therefore, were unable to account for the high variability in mouthing between days, as evidenced by each infant not mouthing their fingers on at least one of the observation days. Consequently, predictive analyses are limited to Infant 3, who's PbB level at the age of 6-months was 4 mg/dl compared to the 1.5-3.1 mg/dl prediction, based only on the mouthing of fingers. In any event, this study provides evidence that (i) the mouthing of fingers is likely to be the most common of possible dominant direct pathways for Pb into the pregrasping infant, and (ii) the frequency of mouthing fingers and the Pb loading of the fingers are major predictors of an infant's PbB level. Clearly, then, there are two non-exclusive approaches to reducing an infant's PbB level: change the frequency of mouthing fingers or change the loading on the fingers. There is a third non-exclusive approach: reduce the absorption of Pb through the infant's gut.
Reducing the frequency that an infant mouths their fingers is problematic for at least three reasons. First, finger sucking is a ubiquitous and necessary developmental step in hand exploration (Rosenblith and Sims-Knight, 1985; McClure and Burton, 1989) and possibly even fine motor coordination, as shown in older infants (Kopp, 1974) . Second, reducing the frequency of this behavior, such as by encouraging an infant to suck a pacifier or feed more frequently, may not be desirable or successful, from either the infant or parent's perspective. The data in this study show no relationship between the mouthing of fingers and pacifier use or feeding frequency ( Table 3 ), suggesting that the mouthing of fingers in pregrasping infants is independent of the frequency of mouthing other commonly mouthed objects. Of course, the data in the study result from a small sample size and so may lack power in detecting an effect. Third, there is substantial evidence that pacifiers, the most likely alternative to mouthing fingers, can have detrimental effects on dental arch development (e.g. Warren and Bishara, 2002) , increase the risk of ear infection (e.g. Jackson and Mourino, 1999) and reduce the frequency and duration of breastfeeding (e.g. Binns and Scott, 2002) , a phenomenon apparently not associated with finger or thumb sucking (Aarts et al., 1999) .
A more practical and effective approach is probably to change the loading on an infant's fingers, which could be achieved either by washing the infant's hands regularly, or by reducing the Pb loading in the infant's environment. However, if hands are washed regularly, it may be critical that they are dried thoroughly, as wet surfaces are more likely to trap dust than dry surfaces (Rodes et al., 2001) . Reducing the absorption of Pb through an infant's gut is an additional approach. For an infant yet to commence on solid food, this could include frequent small feeds, as Pb absorption is lower when the gut contains food (Rabinowitz et al., 1980) , and ensuring that the milk (breast or formula) has adequate calcium and iron, as these minerals may help to reduce Pb absorption across the gut (Gulson et al., 2001 ). Moreover, a high calcium diet for pregnant and breast-feeding women may be important for minimizing the transfer of Pb from the mother's bones to the infant (Gulson et al., 1998b (Gulson et al., , 1999 .
Inhalation and Ingestion Pathways of Pb Exposure
Based on dust-tracking data, inhalation appears to be a minor route of Pb exposure for the pregrasping infant, contributing about 0.5-3%. of the Pb for a PbB level of 5 mg/ dl; more for a lower PbB level and vice versa. These data are lower than for those estimated in a Dallas study by Manton (1985) , which suggested a contribution of about 20-40%, but similar to those in a UK urban study by Davies et al. (1990) , which suggested a contribution of 3% by this route in children. In any event, these studies concur that Pb exposure via inhalation is generally a minor route. It might not be quite as simple as this, because although the accepted cutoff for inhalability is 10 mm, particles that are much larger than this can be inhaled oronasally (Hsu and Swift, 1999) . Little is known about these dynamics, and is an area that warrants further research.
If inhalation is the minor route, then ingestion is the major route. While the data from this study indicate that most of the ingested Pb appears to come from the infant's hands, the routes of Pb to the infant appear to be a complex web of indirect pathways (Figure 1 ), which cannot be predicted or controlled easily in space or time. What is important to notice in the web is that the highest Pb loadings are mostly on those objects that are in some way associated with the outdoor environment (outdoor toys, door handles and screens, carpets, car seats etc.), whereas those that are more directly in contact with the infant tend to have lower Pb loadings.
As for our mouthing data (Table 5) , then, the frequency and area of contact with the hands, the Pb loading, the number of transfer steps and the efficiency of transfer across each step need to be understood to predict which objects are contributing most to the Pb loading on an infant's hands. As the transfer efficiency could be as low as 2% (Brouwer et al., 1999) , or as high as 100% for a wet object with smooth architecture (Rodes et al., 2001 ) and the dust is transferred across more that one object (e.g. toy car to sibling to infant), the efficiency will be y x , where 'y' is the transfer efficiency and 'x' is the number of transfers. Transfer efficiency also depends on surface type, such as whether a floor is carpeted or linoleum, particle size, moisture content and electrostatic properties of a surface, and the number of contact events (Rodes et al., 2001 ). There may also be Pb on the object(s) to which Pb is transferred, and this needs to be considered as well. Further research on all of these transfer factors, particularly with respect to infant exposure, is required.
The transfer efficiency and number of transfers, as well as the loading of an object, are critical in assessing the possible impacts that a sibling's activity has on the Pb exposure of an infant. A greater understanding of the dust-to-hand dynamics in the pregrasping infant is needed to determine the major indirect routes of lead and, therefore, where the most effort should be focused in minimizing the Pb exposure of this age group. Figure 1 . Scenario of a Pb-exposure web, derived from the behavioral, dust-tracking and Pb-loading data in this study. The dotted line to the infant's nose indicates that the inhalation of Pb is a minor route of exposure. The behaviors are normal and mostly necessary or unavoidable.
